ABSTRACT: Stenosis of the internal carotid artery reduces the flow velocity in the ophthalmic artery. Lowered velocity permits increased red cell aggregation and decreased red cell deformability which increases viscosity.
Decreased circulation time of blood through an artery changes the physical properties of the blood. When the flow velocity is reduced there is increased aggregation and decreased deformability of red cells which raises viscosity. Increased viscosity is often characterized by intermittent ischemic symptoms (Dintenfass, 1981; Thomas, 1982) .
Because delayed passage of contrast media in an artery can be recognized and measured angiographically, this method was used to study the circulation time in the ophthalmic arteries in patients with normal carotid arteries, and in patients with various amounts of carotid stenosis who had transient cerebral hemisphere attacks (TIAs) and/or transient monocular blindness (TMB). The ophthalmic artery lends itself to this type of study. It is possible to time the beginning of its opacification in an angiogram film and one can assign the end of its opacification as the appearance of the ocular choroid or choroidal "blush " (Figure 1 ). For this study the interval between the appearance of the contrast media at the carotid siphon and the choroid blush was defined as the ophthalmic artery circulation time. The carotid artery circulation time was defined as the interval LE JOURNAL CANADIEN DES SCIENCES NEUROLOGIQUES between the appearance of contrast media at the bifurcation of the common carotid artery and the appearance of contrast in any part of the carotid siphon.
METHODS
To obtain normal ophthalmic artery circulation time, we reviewed 151 carotid angiograms of 108 patients (67 males). The ages ranged from 10 to 74 years and the only basis for selection was that the films were normal in all phases, and were of sufficient quality to be subtractable. The angiograms were all performed and interpreted by the same person (IMM). None of the 108 patients had TIAs, TMB, or fixed cerebral deficits due to vascular disease. Their angiograms had been done for a variety of reasons including seizure disorder, head injury, brain tumor suspect, elucidation of an uncertain computerized tomographic scan finding, suspect cerebral aneurysm, and others.
We also reviewed 108 abnormal angiograms from 76 patients (49 males). These had 25% or more stenosis at the origin of the internal carotid artery and the patients had a history of more than one transient ischemic attack; ocular, cerebral, or both.
A TIA was defined as an episode of weakness, numbness, speech or vision loss, within the territory of the internal carotid artery. The duration was less than 24 hours (and was usually less than 24 minutes) and recovery was complete. Transient monocular blindness was defined as an episode of loss or diminution of all vision in one eye of sudden onset, rapid progression (seconds), and short duration (minutes) with complete recovery and a normal eye examination.
Patients with transient ischemic attacks and normal angiograms, and patients with asymptomatic stenosis of the internal carotid artery were excluded. Patients with TIAs arising from posterior fossa structures were excluded.
These 76 patients were assessed by history, physical examination, consultation with the appropriate doctors, and the usual investigative procedures respecting heart and hematological disease, eye disease, epilepsy, migraine, and intracranial mass lesions. Every one of the 76 patients was thought to be having TIAs or TMBs as defined above.
The angiograms were performed under local anaesthetic in all patients over the age of 18 years. Under this age general anaesthetic was used. A 6.0 French 100 cm Gensini catheter was introduced into a femoral artery. The tip was placed in the mid ascending aorta and 45 ml of 76% Renografin (R) were injected. This revealed the origins and general state of the brachio-cephalic vessels. The selective carotid studies were then done with a 6.5 French 100 cm polyethylene catheter with an appropriate tip configuration. The tip was placed 2-3 cm into the common carotid and 8 ml of 60% Renografin (R) were injected. A Viamonte Hobbs (R) injector at a constant pressure was used. The timing and sequence of the x-ray film run was the same for every patient. The film exposures were made at three per second for the first three seconds and at two per second for the next three seconds. The first film was exposed at one-third of a second after the start of the injection and the last film (number 16) at six seconds after the start of the injection. One of the authors (IMM) then selected the first film which revealed the contrast at the carotid bifurcation, the carotid siphon, and the first and last film to show the choroid.
The other author (RTR) computed the time in seconds for the transit of contrast in the internal carotid artery and the ophthalmic artery. This was done without knowing the patients' age, symptoms, or the interpretation of the angiogram.
RESULTS

Normal Angiograms
All of the 151 normal angiograms revealed that the ophthalmic artery arose from the internal carotid. It has been reported as arising from the middle meningeal in 1 to 2% of cases (Handel et al., 1973; Hayreh and Dass, 1962) . As all the injections in the cases presented here were made into the common carotid artery, the ophthalmic would fill regardless of its origin, but the sequence and timing of ophthalmic opacification would differ between an internal carotid origin as opposed to a middle meningeal origin.
All of the 151 normal angiograms revealed an ocular choroidal blush similar to other studies (Handel et al., 1973) . Failure to visualize the choroid almost always indicates disease. In order to verify the consistency and reproducibility of the method, the left and right ophthalmic artery circulation times were compared in subjects who had bilateral studies performed at the same examination time. Although 108 subjects had 151 angiographic studies, only 35 subjects had bilateral studies, one immediately following the other. There was no significant difference between the right and left ophthalmic artery circulation time in these 35 subjects (Figure 2 ).
Of the total of 151 angiographic studies, 73 were right carotid and 78 were left. Comparison of this whole group, right versus left ophthalmic artery circulation times, also revealed no significant difference (Student's t-test). Therefore the method was reliable and the results were consistent and reproducible.
Cerebral circulation time is known to increase with age (Moller and Wolschendorf, 1978; Green and Arana, 1948; Raney and Raney, 1950) . It has been measured by these authors as the interval between the appearance of injected contrast material at the lower knee of the carotid siphon and the confluence of venous sinuses. The studies were done in normal subjects ranging from 6 to 69 years of age. The rate of contrast injection, cine film exposure and quotient densiometer detection of contrast at the start and end of the transit were the same in all subjects. The increase in cerebral circulation time is linear and the coefficient amounts to about 1% per year. The ophthalmic artery circulation time in normal subjects is similarly influenced by age as shown in Figure 3 . This figure shows the positive relationship between age and ophthalmic artery circulation time in normal subjects 40 years of age and older. Because the purpose of the study was to compare ophthalmic artery circulation time between subjects with normal and diseased carotid arteries and as there were no subjects with diseased arteries under the age of 40 years, this selected group of normals was chosen for the comparison.
In the normal angiograms the duration of the choroidal blush had a mean of 2.38 seconds (S.D. ± 0.65). There was almost no correlation between the duration of the blush and the subject's age (r = -0.417) and only a slightly greater correlation between the duration of the choroidal blush and the ophthalmic artery circulation time (r = -0.523). There was little correlation between the carotid artery circulation time and 1) the subject's age (r = 0.364), 2) the ophthalmic artery circulation time (r = 0.196), or 3) the duration of the choroidal blush (r = -0.208) (Pearson correlation index).
Abnormal Angiograms
All of the 108 angiograms in this group showed the ophthalmic artery arising from the internal carotid artery. All of these patients (76) had symptoms of transient ischemia; cerebral, ocular, or both, and all had diseased carotid arteries. Eighteen patients had transient monocular blindness only. The degree of carotid artery obstruction was classified by one of us (IMM) as: occluded, 75% or greater stenosed, about 50% stenosed, or about 25% stenosed. The numbers in each category are shown in Table 1 . All of the group with 25% stenosis of the internal carotid revealed an ophthalmic artery and a choroidal blush. Of the group with 50% carotid stenosis all showed an ophthalmic artery and all but one showed a choroidal blush. Of the group with 75% carotid stenosis (N = 44) only 33 opacified their ophthalmic arteries and only 31 showed a choroidal blush.
Of the group with occlusion of the internal carotid artery no carotid artery or ophthalmic artery circulation time measurements were possible. Eighty percent of these patients filled their ophthalmic arteries in a retrograde direction and 30% of the whole group showed a faint choroidal blush. None of these patients' findings were used in this paper. 1.59 Analysis of the two groups (TIA with or without TMB versus TMB alone) revealed no significant difference in the degree of internal carotid artery stenosis orthe frequency of occlusion. It is also apparent from Table 1 that more patients in both groups had major disease (i.e. occlusion or 75% greater stenosis) of their internal carotid arteries rather than minor disease. Thus, 53 out of 80 angiograms revealed one or other of these diseases in the TIA and TMB group while 20 out of 28 angiograms in the TMB only group showed the major changes.
Overall Comparisons
All of the patients with abnormal angiograms were compared to an age related group with normal angiograms with respect to carotid and ophthalmic artery circulation times. The results are shown in Table 2 . The circulation times in the ophthalmic and carotid arteries were significantly different in the diseased group than the normals. In both arterial systems the p value was less than .001. Furthermore, when a one way analysis of variance was applied to the carotid artery circulation times in the normal group and to the groups having 25%, 50%, and 75% stenosis of the internal carotid, there was a significant increase in time in relation to the degree of stenosis (Figure 4 ). The degree of significance between the carotid circulation time of the normal subjects and the patients with 75% stenosis showed a p value of less than .0001 (Student-Newman-Keuls procedure).
When the ophthalmic artery circulation times were compared by the same procedure there was also a gradient of increasing times showing a relationship to the degree of internal carotid artery stenosis (Figure 4 ). There was a significant difference in the ophthalmic artery circulation time between the normal group'and the 50% and 75% internal carotid artery stenosis groups. There was also a significant difference in the time between the 25% stenosed and 75% stenosed group (all p values were less than .05).
The distribution of ages within the various groups was analyzed as a covariant. Age was not a significant factor in the different circulation times related to the various degrees of carotid artery stenosis.
The data on the patients with transient monocular blindness only (N = 18) was compared to that on the patients with cerebral TIAs with and without TMB (N = 58).
There was no significant difference in the proportion of patients in either group with 25%, 50%, 75% stenosis, or occlusion of the internal carotid artery. The mean ophthalmic artery circulation time for the group of patients with TMB only and 75% stenosis of the internal carotid was slightly longer than, but not significantly different than, the larger group of patients with 75% stenosis (chi-square analysis).
The ophthalmic artery circulation time was related only to the amount of internal carotid artery stenosis, not to whether symptoms were ocular or cerebral. 
DISCUSSION
The purpose of this investigation was to examine the circulation time in the ophthalmic artery in patients with stenosis of the internal carotid artery who had a history of transient ocular and/or cerebral ischemia. The ophthalmic artery was chosen because its circulation time is measureable and it is part of a vascular system subject to recognizable intermittent ischemia. The circulation time in the middle or anterior cerebral arteries could not be estimated with the same reliability.
Some or most TIAs and TMB are thought to be embolic in nature (Moore and Hall, 1970; Millikan, 1965; Duncan et al., 1976) . No doubt emboli account for many TIAs, but where they come from and what produces them is not always obvious. There are objections to this theory. Some patients have exclusively ocular ischemic episodes (Fisher, 1959; Ross, 1977) . Eighteen out of 76 in the present series had ocular symptoms only. The ophthalmic artery (average diameter 1.2 mm) (Clay and Vignaud, 1971 ) leaves the carotid artery (average diameter 7.5 mm) at an angle of 90 degrees or less. The volume of blood in the carotid is many times greater than in the ophthalmic. Logic would suggest that hemisphere attacks should be much more common than ocular attacks if the proposed mechanism of emboli originating at the bifurcation of a stenotic common carotid artery is correct. It seems unlikely that a patient would have exclusively ocular episodes unless the pathogenesis of the blindness was located within the ophthalmic artery distal to its origin.
In addition, TIAs are often stereotyped in quality and area in an individual patient. This implies that blood flow is compromised in the same vessel and only this vessel in each episode. Single area stereotyped attacks are not characteristic of proven embolic diseases such as bacterial endocarditis.
The patient with transient attacks and occlusion of the internal carotid artery presents another problem in understanding mechanisms. The vascular pathway from the stump of an occluded internal carotid artery or from a stenosed contralateral internal carotid artery to the eye or hemisphere is long and circuitous involving a multitude of collateral and retrograde flowing vessels. For embolic material to do this and only this repeatedly, while possible, seems illogical.
Finally, angiography in many patients with ischemic attacks fails to show a source of embolic material and cardiac assessment reveals no disease. From 20 to 40% of patients with TIAs have normal carotid angiograms (Pessin et al., 1977; Easton and Hart, 1983) . All of these considerations suggest that remotely originating emboli are an unlikely cause for a substantial number of cerebral or ocular ischemic attacks.
An alternative explanation is a change in blood viscosity. There is good evidence that increased viscosity may lead to ischemic episodes, either stroke or TIA (Dintenfass, 1981; Thomas, 1982) . Viscosity is related directly to hematocrit and red cell aggregatability and inversely to red cell flexibility and shear rate. Red cell aggregation and flexibility both relate directly to shear rate. The latter is dependent on the diameter of the vessel and the rate of flow and both of these factors change from second to second in a dynamic, pulsatile, system. Data relative to the above in the present investigation concerns the rate of flow in the ophthalmic artery in the presence of disease of the internal carotid artery. The velocity in the ophthalmic artery is decreased with increasing age and carotid artery stenosis. The greater the degree of stenosis the lower the velocity (Figure 4) . It is presumed that disease of the internal carotid artery would affect the velocity in the middle cerebral and ophthalmic artery in the same way.
It is not known how much this change in velocity contributes to a hyperviscous state. However, it is known that at low flow rates (shear rates) viscosity can be increased five to ten fold in patients with ischemic disease relative to the normal (Tracy, Lord et al., 1981) . The increase is attributed to excessive red blood cell aggregation.
Excessive red cell aggregation displaces platelets from the axial stream into the peripheral high shear rate zone. This increases platelet adhesiveness and these aggregates of platelets and red blood cells plug capillaries and arterioles. Local microcapillary stasis results and this adds to the hyperviscous state. It does so by enhancing red cell rigidity from hypoxia. The whole process is reversible (Dintenfass, 1966) . As Thomas (1982) has so aptly put it "A viscous, viscious circle might be entered, with progressively slower flows favoring thrombus formation . . . any improvement in flow, results in an increase in shear rates and a reduction in viscosity."
Other factors which may add to the hyperviscous state, but which have not been fully examined in a large group of patients with TIAs are red cell flexibility, hematocrit and its diurnal variation, and the composition of the membrane of the red cell.
The red cell is stiffer and less flexible in patients with acute myocardial infarction or intermittent claudication (Drummond et al., 1980; Reid et al., 1976) . Apparently, this has not been examined in patients with intermittent or fixed signs of cerebral ischemia.
Under normal conditions the red cell membrane is semifluid (Lee et al., 1973; Singer and Nicolson, 1972) . The red cell membrane has a markedly different composition as well as being rigid in the stroke prone age group relative to subjects less than 30 years of age (Hegner et al., 1979) . The relationship between hematocrit, viscosity and cerebral blood flow, TIA and stroke (Thomas et al., 1977) deserves further consideration.
In summary, there is reasonable evidence that cerebral flow velocity, shear rate, viscosity, red cell aggregatability and deformability as well as relatively minor changes in hematocrit, all may play a role in the pathogenesis of TIAs and stroke.
When these factors are better understood and considered along with stenosis and atheroma of the cranio-cervical vessels, then TIA and stroke mechanisms may be better elucidated.
